and/or polyploidization confound classification and phylogenetic inference, and multiple colonizations at different time scales complicate biogeographical reconstructions. This study investigates whether such processes can explain long-term controversies in Anthoxanthum, and in particular its debated relationship to the genus Hierochloë, the evolution of its conspicuously diverse floral morphology, and the origins of its strikingly disjunct occurrences. A hypothesis for recurrent polyploid formation is proposed. † Methods Three plastid (trnH-psbA, trnT-L and trnL-F) and two nuclear (ITS, ETS) DNA regions were sequenced in 57 accessions of 17 taxa (including 161 ETS clones) and Bayesian phylogenetic analyses were conducted. Divergence times were inferred in *BEAST using a strict molecular clock. † Key Results Anthoxanthum was inferred as monophyletic and sister to one species of Hierochloë based on the plastid data, whereas the nuclear data suggested that one section (Anthoxanthum section Anthoxanthum) is sister to a clade including the other section (Anthoxanthum section Ataxia) as sister to the genus Hierochloë. This could explain the variation in floral morphology; the aberrant characters in Ataxia seem to result from a Miocene hybridization event between one lineage with one fertile and two sterile florets (the Anthoxanthum lineage) and one which probably had three fertile florets as in extant Hierochloë. The distinct diploid A. gracile lineage originated in the Miocene; all other speciation events, many of them involving polyploidy, were dated to the Late Pliocene to Late Pleistocene. Africa was apparently colonized twice in the Late Pliocene (from the north to afro-alpine eastern Africa, and from south-east Asia to southern Africa), whereas Macaronesia was colonized much later (Late Pleistocene) by a diploid Mediterranean lineage. The widespread European tetraploid A. odoratum originated at least twice. † Conclusions Many of the controversies in Anthoxanthum can be explained by recurring hybridization and/or polyploidization on time scales ranging from the Miocene to the Late Pleistocene. All but one of the extant species shared most recent common ancestors in the Late Pliocene to the Late Pleistocene. The disjunct occurrences in Africa originated in the Late Pliocene via independent immigrations, whereas Macaronesia was colonized in the Late Pleistocene.
INTRODUCTION
Repeated hybridizations and/or recurrent polyploidizations are important drivers in plant evolution across different time scales (e.g. Soltis and Soltis, 2000; Leitch and Leitch, 2008) . The nature of these phenomena renders the interpretation of phylogenetic signals in angiosperm lineages difficult, confounds attempts to classify taxa into distinct groups and obscures the origin of geographical disjunctions. Multiple colonizations of geographical areas by more or less divergent lineages at different times may add another layer of complexity to biogeographical reconstructions (Buerki et al., 2011) .
Here we ask to what degree such processes can explain longstanding controversies on the taxonomy, evolution and biogeography of the sweet vernal grasses, the genus Anthoxanthum L. (Poaceae) . Anthoxanthum in the strict sense (i.e. excluding Hierochloë R.Br.) includes approx. 22 alpine, boreal, temperate or tropical -alpine species growing in northern Eurasia (Europe to Japan), Macaronesia, tropical East Africa, Ethiopia, southern Africa (including Madagascar), south-eastern Asia and Central America (e.g. Watson and Dallwitz, 1992; Clayton et al., 2006 onwards; Table 1 ).
Anthoxanthum and Hierochloë have traditionally been included in tribe Phalarideae, characterized by dense panicles with three-flowered, laterally compressed spikelets (e.g. Soreng et al., 2009) . Several phylogenetic studies have indicated that the genera are sisters (e.g. Quintanar et al., 2007; Schneider et al., 2009; Saarela et al., 2010) , together forming subtribe Anthoxanthinae (Tzvelev, 1976; Quintanar et al., 2007) . However, only a few European Anthoxanthum and Hierochloë species have been included in phylogenetic reconstructions so far, and several taxonomic, phylogenetic and biogeographical issues are still controversial and need to be addressed in a more comprehensive analysis.
Distinct floral variation in Anthoxanthum has led to classification into two sections: (1) section Anthoxanthum, with one hermaphrodite apical floret and two neuter (i.e. with no pistil, stamens or palea) lower florets; and (2) section Ataxia, with one hermaphrodite apical floret and two mostly paleate lower florets which are male or sterile (Stapf, 1898 (Stapf, -1900 . Both sections lack lodicules. Section Ataxia was created from the former genus Ataxia R.Br. (Brown, 1823) but without making a specific combination (Schouten and Veldkamp, 1985) . The floral characters of section Ataxia are more or less intermediate between those of section Anthoxanthum and those of genus Hierochloë, which has one hermaphrodite or female apical floret and two male lower florets, all of them with lodicules. This transitional nature has resulted in Ataxia taxa being classified in Anthoxanthum or Hierochloë by different authors (e.g. Stapf, 1898 Stapf, -1900 Pohl, 1972; reviewed in Schouten and Veldkamp, 1985) .
The existence of taxa that are intermediate between Anthoxanthum and Hierochloë in floral characters led Schouten and Veldkamp (1985) to propose the merging of the two genera into an expanded Anthoxanthum [Anthoxanthum sensu lato (s.l.)], but this proposal has also been controversial. Some authors (e.g. Soreng et al., 2003; Zhenlan and Phillips, 2006; Allred and Barkworth, 2007) followed Schouten and Veldkamp (1985) , whereas others considered the differences in floral morphology and in basic chromosome number (x ¼ 5 in section Anthoxanthum vs. x ¼ 7 in Hierochloë; note, however, that the number is unknown in Ataxia) to be sufficient to keep them as separate genera (e.g. Clayton and Renvoize, 1986; Connor, 2008 Connor, , 2012 Edgar and Connor, 2010) . Section Anthoxanthum comprises nine or ten annual and perennial taxa that often are self-incompatible (Borrill, 1963) and show large diversity in ploidy and morphology (e.g. Pimentel et al., 2007a;  Table 1 ). This section is distributed mainly in temperate and arctic -alpine regions of northern Eurasia, the Mediterranean, Macaronesia and East Africa. The delimitation of several species in this section is controversial, which has led to many conflicting taxonomic treatments (e.g. Willkomm and Lange, 1870; Paunero, 1953; Tutin, 1980; Teppner, 1998) . As a framework for this study we follow the system of Tutin (1980) , with modifications after Hedberg (1976) and Teppner (1998) .
There have been many efforts to unravel the relationship between two of the perennials in section Anthoxanthum, the widespread tetraploid A. odoratum and the diploid A. alpinum (e.g. Hedberg, 1990; Felgrová and Krahulec, 1999; Pimentel and Sahuquillo, 2008) . They are genetically and morphologically similar (Pimentel et al., 2007a; Pimentel and Sahuquillo, 2007) , and the origin of the tetraploid has been controversial (Hedberg, 1986 (Hedberg, , 1990 Felber-Girard et al., 1996; Felgrová and Krahulec, 1999) . Both tetraploids and diploids comprise different karyotypes (Hedberg, 1970) , resulting in discussions on taxonomic assignment and the suggestion that the tetraploid may have originated twice (Hedberg, 1986 (Hedberg, , 1990 Felber-Girard et al., 1996) . In this study, we follow Hedberg (1990) and refer the diploids to A. alpinum and the tetraploids to A. odoratum to facilitate testing the hypothesis of multiple origins of tetraploids.
Studies based on amplified fragment-length polymorphism (AFLP) and random amplified polymorphic DNA (RAPD) variation have suggested that the morphologically distinct, annual Mediterranean diploid A. gracile is sister to all other species in section Anthoxanthum (Pimentel et al., 2007b) , which can be Pimentel et al., 2007b Pimentel et al., , 2010 Sahuquillo, 2007, 2008) . The differentiation among species within these groups was, however, weak. Knowledge of section Ataxia is more fragmentary (Schouten and Veldkamp, 1985) . It comprises seven to ten species of which four occur in southern Africa (South Africa and Madagascar) and the remaining ones in East Asia (southern Japan -New Guinea -the Himalayas) ( Table 1) . The southern African taxa show conspicuous variation in floral structure. Whereas A. ecklonii and A. madagascariense have empty lower florets in maturity (resembling section Anthoxanthum), A. dregeanum and A. tongo are andromonoecious with the lowermost floret usually male and the intermediate floret male (in A. dregeanum) or empty (in A. tongo; Stapf, 1898 Stapf, -1900 Connor, 2012) . Several authors (e.g. Clayton, 1970) have suggested a link between the southern African A. ecklonii and the East African A. nivale of section Anthoxanthum based on their morphological resemblance. The Asian species of section Ataxia also show large variation in floral structure, and their taxonomy is uncertain (Schouten and Veldkamp, 1985) . Three of them were included in this study: A. hookeri, A. angustum and A. horsfieldii (Table 1) .
Two additional species are known from Central America, but we were not able to obtain material of them for this study. Their relationships are controversial, being variously placed in Anthoxanthum and Hierochloë [A. mexicanum Mez/H. mexicana Benth. and A. davidsei (Pohl) Veldkamp/H. davidsei Pohl]. These species are andromonoecious and lack lodicules. According to Connor (2012) , the upper floret opening mechanism clearly links them to Anthoxanthum. Conversely, Morales (2003) indicated that some floral features (e.g. absence of awns) suggest that they should be kept as Hierochloë. The chromosome number of Hierochloë davidsei (2n ¼ 56; Pohl, 1972) links it to Hierochloë (basic number x ¼ 7). Analysis of independent loci from different genomes (nuclear and plastid) has been advocated for studies of complex groups of taxa (Linder and Rieseberg, 2004; Havill et al., 2008) and is especially relevant for polyploid-rich lineages such as Anthoxanthum in which reticulate evolution may be common (e.g. Borrill, 1962 Borrill, , 1963 Felber-Girard et al., 1996; Pimentel and Sahuquillo, 2007b) . The development of new Bayesian dating methods (e.g. and recent studies on the divergence times of the grass subfamilies (Prasad et al., 2005; Strömberg, 2005; reviewed in Vicentini et al., 2008) have improved the possibility for reliable divergence dating in grasses. Here we apply these methods to address some long-debated questions on the evolution and biogeography of the sweet vernal grasses, based on variation in non-coding plastid (trnT-L, trnL-F and trnH-psbA) and nuclear [external and internal transcribed spacer (ETS, ITS)] DNA regions. In particular, we address the monophyly of Anthoxanthum sensu stricto, its relationship to Hierochloë and the evolution of the diverse floral morphology in Anthoxanthum, which is reflected in its current sectional classification. We investigate the temporal and spatial origins of the strikingly disjunct occurrences of Anthoxanthum in eastern and southern Africa and eastern Asia and the formation of polyploid complexes in the genus. We specifically test the previously proposed hypotheses on: (1) a close relationship between southern African taxa and the East African A. nivale (vs. independent immigrations of divergent lineages to Africa); and (2) multiple origins of the European tetraploid A. odoratum.
MATERIALS AND METHODS

Plant materials
Sixty-three samples representing 16 of the approx. 22 species of Anthoxanthum were successfully sequenced (Table 1, Appendix). We also sequenced five samples representing three species (two Eurasian, one South American) of Hierochloë. Most material was collected in the field by the authors. Identification followed Paunero (1953) , Valdés (1973) , Hedberg (1976) , Tutin (1980) , Schouten and Veldkamp (1985) , and Hedberg (1990) . Whenever possible during field collection, we re-collected plants from the same sites where DNA content and/ or chromosome numbers had been previously obtained (Appendix). Vouchers were deposited in the Santiago de Compostela University Herbarium (SANT). In addition, leaf tissue for DNA extraction was obtained from herbaria in Europe, Africa, Asia, the Americas and Australia; material was taken from vouchers which all were taxonomically verified for this study (Appendix). Ten sequences belonging to tribes Aveneae/Poeae, Triticeae, Brachypodieae and Meliceae were retrieved from GenBank and included as outgroups, selected to cover all major lineages in subfamily Pooideae (Appendix).
DNA isolation, amplification, cloning and sequencing DNA from fresh or silica gel-dried, field-collected leaves was extracted following the 2 × CTAB procedure of Doyle and Doyle (1990) . DNA from herbarium samples was extracted using the DNeasy Plant Mini Kit (Quiagen, Hilden, Germany) following the manufacturer's instructions with modifications following Bendiksby (2011) .
The plastid trnH-psbA intergenic spacer was amplified using the primers of Tate and Simpson (2003) and Sang et al. (1997) following Shaw et al. (2005) . The plastid trnT-L and trnL-F regions were amplified and sequenced using primers a and b (trnT-L intergenic spacer; Taberlet et al., 1991) and primers c and f (trnL intron plus trnL-trnF intergenic spacer, hereafter trnL-F; Taberlet et al., 1991) . The PCR conditions for the trnT-L region followed Galley and Linder (2007) and for the trnL-F region followed Torrecilla et al. (2003) .
Amplification of the nuclear ribosomal ITS (ITS1-5 . 8S-ITS2) and ETS regions followed Hsiao et al. (1995) and Gillespie et al. (2009) , respectively. These regions have been successfully used to infer phylogenetic relationships between closely related taxa (e.g. Bechara et al., 2010; Consaul et al., 2010) ; we paid particular attention to the potential for homology issues connected to concerted evolution (Alvarez and Wendel, 2003; see below) . Amplification of the ETS yielded more than one band in several taxa (e.g. A. tongo, A. dregeanum). The ETS region was therefore cloned in 19 plants belonging to 15 species of Anthoxanthum and Hierochloë, and 4 -16 clones were sequenced for each plant (Appendix). In cases where direct sequencing of non-cloned ETS amplicons was impossible, the cloned sequences were added to the general analyses. The cloned sequences were also analysed separately. Cloning of ETS amplicons and plasmid extractions was performed using the StrataClone PCR Cloning Kit (Agilent Technologies, Santa Clara, CA, USA) and the QIAprep kit (QIAgen, Hilden, Germany), respectively, following the manufacturers' protocols. Amplified, non-cloned products were purified using ExoSap-IT PCR cleanup reagent (Affymetrix, Santa Clara, CA, USA), and all products were sequenced using the BigDye Terminator Cycle Sequencing Ready Reaction v3 . 1 kit (Applied Biosystems, Paisley, UK) on an Applied Biosystem 3710 automated sequencer. Amplification primers were used for sequencing in all cases except for the clones, for which the M13/T7 primer pair was used. To reduce the impact of PCR artefacts such as chimeric sequences or polymerase errors on the phylogenetic reconstruction based on clones we followed Popp and Oxelman (2007) ; clones obtained from a single accession differing by autopomorphic substitutions or indels only were assumed to originate from the same sequence and the differences assumed to be errors. Majority rule consensus sequences were built for each of these sets of clones using the software SeaView v4 (Gouy et al., 2010) .
Sequence alignment and phylogenetic analyses
The forward and reverse electropherograms were assembled and edited, and the sequences were tentatively aligned using CodonCode Aligner v 4 . 0 (CodonCode Corp., Dedham, MA, USA). Subsequently, all DNA regions were aligned separately using the MUSCLE algorithm (Edgar, 2004) as implemented in the software SeaView v4 (Gouy et al., 2010) and manually adjusted when errors were detected. In total, 468 new sequences were generated for this study: 224 ETS (161 clones), 63 ITS, 62 trnL-F, 62 trnT-L and 62 trnH-psbA (Appendix).
Phylogenetic analyses were carried out on both individual and concatenated data sets ( plastid and nuclear combined matrices were constructed) using Bayesian methods. Sequences missing due to PCR and/or sequencing problems were coded as missing data in the concatenated data sets. Regions were concatenated when no conflicting node was supported by more than 0 . 95 Bayesian posterior probability (PP) (Pirie et al., 2009) . We preferred this approach over the widely used incongruence length difference (ILD) test (Mickevich and Farris, 1981) because it allows identification of localized incongruences caused by specific taxa or clades (Pirie et al., 2009) . The final plastid and nuclear data sets (excluding missing data) represented 63 specimens of Anthoxanthum s.l. (Table 1) .
Bayesian analyses were carried out using MrBayes v. 3 . 0B4 (Huelsenbeck and Ronquist, 2001) . Model selection was conducted using MrModelTest v2 . 3 (Nylander, 2004) . A GTR + I + G substitution model was used in all analyses except for those based on the trnLF and trnTL regions, for which the GTR + G model was applied. Gaps were coded in the matrix as presence/absence following the simple method proposed by Simmons and Ochoterena (2000) as implemented in SeqState (Müller, 2005) . Gaps were assumed to follow the binary model of evolution (Ronquist et al., 2005) and were included in the Bayesian analyses following Dwivedi and Gadagkar (2009) . All Bayesian phylogenetic analyses were carried out with and without the gaps.
The analysis of each separate data set was performed with 15 000 000 generations and was initiated with a random starting tree, sampling every 1000 generations and allowing the program to estimate the likelihood parameters required. Convergence was evaluated using the 'compare' function in the online application AWTY (Nylander et al., 2008) as well as using TRACER v.1 . 5 . Results collected prior to stationarity were discarded as burn-in. The combined analyses were conducted through 30 000 000 generations with sampling every 2000 generations (other details as above). Results were presented as the halfcompat posterior probability consensus tree summarized using MrBayes.
Divergence dating analysis
Bayesian divergence date analyses were conducted separately on the nuclear and plastid data sets as well as on the combined data set using BEAST v.1.7.2 (Drummond et al., 2012) and MCMCTREE (included in the PAML4 . 4 package; Yang, 2007) . The latter program was designed for dating single topologies whereas the former integrates over topological uncertainties (Heled and Drummond, 2010) . According to Brown and Yang (2011) , this integration can have undesirable effects on the specification of priors on times. The results obtained with the two approaches were later compared to increase the reliability of our conclusions.
Input data for BEAST were compiled using BEAUTI v.1.7.2, and the strict clock was used for all analyses. According to Drummond and Suchard (2010) and Brown and Yang (2011) , the decision to use a strict or a relaxed clock in divergence analyses has to be based on a suitable test. We selected the strict molecular clock based on the results of the likelihood ratio test (LRT) conducted as proposed in Brown and Yang (2011) . The log-likelihood values for both clock models were estimated using the program BASEML in the PAML 4 . 4 package (Yang, 2007) . The trees produced by MCMCTREE using the strict as well as the relaxed clock model were used as input for the BASEML analysis.
In the BEAST analyses, the GTR + I + G model was imposed on the nuclear DNA whereas the GTR + G model was imposed on the plastid data. Models were selected using MrModelTest v2 . 3 (Nylander, 2004) . For the combined analyses, substitution models were unlinked across partitions.
Both a Yule and a coalescent tree prior were used in the analyses conducted with BEAST, although neither of these priors entirely fitted our data set, where most species were represented by more than one sample. To overcome this problem, the multispecies coalescent model implemented in *BEAST (Heled and Drummond, 2010 ) was also applied. Other model priors were set as follows. (1) Age of the divergence between tribe Meliceae and tribes Brachypodieae + Aveneae/Poeae + Triticeae: normal prior distribution with mean 32 . 1 Myr and standard deviation of 3 . 65. (2) Age of the divergence between tribes Aveneae/Poeae and Triticeae: normal prior distribution with mean 23 . 4 Myrand standard deviation of 3 . 1. Secondary calibration points (means and standard deviations) were taken from Vicentini et al. (2008) . (3) Substitution rates for all analyses were established following Kay et al. (2006) for nuclear DNA, whereas plastid rates were based on Wolfe et al. (1987) . Wide ranges and a uniform distribution were imposed for all substitution rates to cover most biologically realistic values.
In all cases, three independent analyses were run for a total of 90 000 000 generations. The influence of priors on posterior values was assessed by running an extra analysis for 50 000 000 generations without data following Heled and Drummond (2010) . Log files were analysed using TRACER v1.5 to assess convergence and ensure that the effective sample size for all parameters was .200 . Resulting trees were combined using LogCombiner v.1.7.2 ) with a burn-in of 25 %. Subsequently, a maximum credibility tree was constructed using TreeAnnotator v.1 . 7.2 .
Multilabelled species trees were constructed to retrieve the origin of the progenitor lineages of clades affected by reticulation processes (Pirie et al., 2009; Popp et al., 2011; Blanco-Pastor et al., 2012) . In this approach, multilabelled species trees are constructed by assigning assumed homoeologous sequences from the putative hybrids to separate labels: in this case the nuclear sequences to one label (L1), and the plastid sequences to a second label (L2). Missing data represent the sequences not assigned to particular labels (Pirie et al., 2009; Blanco-Pastor et al., 2012) . Thus, the two labels of a potential hybrid (L1 and L2) were treated as different species in the *BEAST analysis, and putative reticulations could be analysed without violating the assumptions of the *BEAST model, i.e. that gene tree differences are the result of coalescent stochasticity (Heled and Drummond, 2010) . Four Markov chain Monte Carlo (MCMC) analyses were run for 10 7 generations each with a sample frequency of 10 000. The outputs of the different runs were analysed, combined and summarized as indicated above; and the same priors were selected for this second *BEAST analysis.
MCMCTREE analyses were carried out using the same age priors as applied in the BEAST analysis. We used hard bounds and specified 1 time unit ¼ 10 Myr. All other priors were set following Brown and Yang (2011) . Mean clock rates were drawn from a G(1, 1) distribution and the variance in log rate was specified from a G(0 . 5, 1) distribution. Bayesian MCMC chains were run for 2 . 5 × 10 5 generations, with a sampling interval of 50.
Phylogenetic networks
Rooted phylogenetic networks were built to explicitly represent putative hybridization events. Networks provide a generalization of sets of phylogenetic trees, and are commonly used to analyse possible conflicting signals between nrDNA and plastid DNA data sets (Pirie et al., 2009; Huson and Scornavacca, 2012) . Rooted networks based on the plastid and nuclear maximum credibility trees computed by TreeAnnotator v.1.7.2 were built using Dendroscope 3 (Huson and Scornavacca, 2012) . Before constructing the networks, outgroups were pruned from the trees using the R-based package APE (Paradis et al., 2004) . Two different rooted phylogenetic networks were computed: (1) a level-k network, aiming at minimizing the number of reticulations in any biconnected component of the network (Huson and Scornavacca, 2012) and (2) a galled network, used to represent incompatible clusters.
RESULTS
Phylogenetic reconstruction
The separate analyses of the nrDNA markers resulted in congruent gene trees. The plastid trnL-F and trnT-L data also generated congruent trees, whereas the plastid trnH-psbA data (GenBank accession numbers KC897758 -818) offered no resolution and were excluded from further analyses. Tree comparison showed that no combination of plastid and nuclear DNA was justified by our data (Figs 1 and 2 ) and therefore the combined plastid and nuclear data sets were analysed separately. No improvement was observed in posterior support values when gaps were included in the data matrix, so they were excluded from the final analyses. Analyses conducted in BEAST and Mr Bayes resulted in identical topologies and only the BEAST analyses are presented.
The aligned plastid matrix contained 72 terminals representing 29 species (ten Anthoxanthum + three Hierochloë + ten outgroups) and 1858 characters (trnL-F, 1-1037; trnT-L, 1038-1858). The posterior probability values were 1 for most major clades in the plastid maximum credibility tree (Fig. 1) . A European Hierochloë hirta-H. odorata clade was retrieved as sister to a clade including the South American/Australasian H. redolens as sister to Anthoxanthum, which was retrieved as monophyletic. The Mediterranean diploid A. gracile was sister to all other Anthoxanthum spp., which formed a 'coreAnthoxanthum clade' that was divided into two clades consistent with the two described sections. Section Ataxia was divided into a southern African clade and an East Asian clade. Section Anthoxanthum (excluding A. gracile) was divided into two main clades, one mostly north-central European/East African (the East African alpine polyploid A. nivale, the arctic-alpine diploid A. alpinum, the Central and North European populations of the tetraploid A. odoratum, and two A. odoratum populations from mountains in northern Iberia), and one Mediterranean/ Macaronesian (including the Mediterranean and Macaronesian species). Notably, the north-western Iberian populations of the tetraploid A. odoratum were also included in the latter clade, and some but not all of them were included in a subclade containing the western Iberian endemic high-polyploid A. amarum with the populations of the diploid A. aristatum (Fig. 1) .
The aligned ITS-ETS nuclear matrix included 73 samples of 29 species (16 Anthoxanthum + three Hierochloë + ten outgroups) and comprised 1491 characters divided in two partitions (ETS, 1 -793; ITS, 794-1491) . The Bayesian maximum credibility tree based on the nuclear data and constructed with BEAST v. 1.7.2 is presented in Fig. 2 . Trees depicted in Figs 1 and 2 were constructed using the Yule prior. The nuclear tree topology was largely similar to that of the plastid tree, but with two major exceptions: section Anthoxanthum including the diploid A. gracile was retrieved as monophyletic, and this clade was resolved as sister to a clade in which section Ataxia and the Hierochloë species were resolved as sisters.
The rooted phylogenetic network (Fig. 3 ) generated from the maximum clade credibility trees based on plastid and nuclear data (Figs 1 and 2) illustrates the putative hybrid origin of the Ataxia clade. Two lineages were inferred to be involved in the origin of this clade: (1) an extinct (or unsampled) lineage that split from a common ancestor with the A. gracile/core-Anthoxanthum clade and (2) the ancestor of the core-Anthoxanthum clade.
The ETS tree
The final ETS matrix comprised 161 clones and 1064 characters. The topology retrieved (Fig. 4 ) was largely congruent with that recovered from the concatenated nuclear matrix (Fig. 2) , although sections Ataxia and Anthoxanthum were resolved as sisters (PP ¼ 0 . 91) in the ETS clones tree. We further observed that (1) many accessions (except A. odoratum 22, 24, 27; A. aristatum 10; A. nivale 17; A. ovatum 32, 39) were polymorphic, containing two or more different ETS ribotypes; (2) three species (the Mediterranean diploid A. ovatum, the Macaronesian tetraploid A. maderense, the Macaronesian Anthoxanthum sp.) were not retrieved as monophyletic; (3) a clear geographical pattern in the tetraploid A. odoratum (Western European vs. Central and Northern European); and (4) notably, the two divergent ribotypes found in A. hookeri (section Ataxia) occupied different positions in the topology -one was retrieved in the Ataxia clade, and one in the Anthoxanthum clade (Fig. 4) .
Divergence dating and multilabelled species tree
The *BEAST and MCMCTREE analyses resulted in similar divergence dates; only the *BEAST results are presented. Different tree priors did not affect the results, and final analyses were run under the multispecies coalescent model. With a few FIG. 1. Maximum clade credibility tree from the Bayesian analysis of plastid DNA sequences (trnT-L and trnL-F) from 72 samples representing 16 Anthoxanthum taxa, three Hierochloë taxa and ten outgroup taxa, constructed with *BEAST using a Yule prior. The divergence times were inferred using a strict molecular clock. Posterior probabilities are indicated on the main branches. Red lines represent branches with PP,0 . 8. The green and red boxes enclose sections Anthoxanthum and Ataxia, respectively, and their geographical ranges are shown on the maps. Population numbers follow the Appendix. Pt, Pleistocene; Plio, Pliocene. exceptions, the age estimates obtained from plastid and nuclear data were largely similar in all analyses (Figs 1, 2, 5, Table 2 ). Also, the multilabelled species tree constructed with *BEAST supported the multiple phylogenetic affinities of section Ataxia (Fig. 5 ). The nuclear (L2) and plastid (L1) sequences of Ataxia were resolved in different positions in the tree, consistent with 
Macaronesian Taxa
FIG. 3. Rooted hybridization network generated from the maximum clade credibility trees based on plastid and nuclear data. The network was built using the level-k algorithm as implemented in Dendroscope 3 (Huson and Scornavacca, 2012) .
the results of the nuclear and plastid phylogenetic analyses (Figs 1 and 2 ). This putative hybridization event was dated to the late Miocene -Early Pliocene [95 % highest posterior density (HPD) 2 . 5-7 . 7 Mya, median 5 . 2 Mya]. The morphologically distinct diploid A. gracile was also estimated to have originated in the Miocene (95 % HPD 4 . 8-9 . 4 Mya, median 6 . 8 Mya), but all other speciation events, many of them involving polyploidy, were dated to the Late Pliocene -Late Pleistocene.
Africa was colonized twice in the Late Pliocene; once from the north to afro-alpine eastern Africa resulting in the afro-alpine endemic A. nivale (95 % HPD 0 . 4-3 . 5 Mya, median 2 . 4 Mya), and once from South-East Asia to southern Africa (95 % HPD 0 . 9-4 . 5 Mya in the plastid data, median 2 . 5 Mya; 95 % HPD 1 . 5-3 . 6 Mya in the nuclear data, median 2 . 5 Mya), resulting in the species radiation in Madagascar and South Africa. Macaronesia was colonized once, much later, in the Late Pleistocene (95 % HPD 0 . 1-1 . 4 Mya, median 0 . 9 Mya), by a diploid Mediterranean lineage. The widespread European tetraploid A. odoratum was inferred to have originated at least twice in recent Pleistocene times (Fig. 5) .
DISCUSSION
We have shown that several long-term controversies relating to the taxonomy, phylogenetics and biogeography of the complex Anthoxanthum/Hierochloë group can be explained by hybridization and/or polyploidization and long-distance colonization over time scales ranging from the Miocene/Pliocene to late in the Pleistocene. The controversy as to whether Anthoxanthum and Hierochloë should be kept as separate genera or merged into a single genus has mainly been due to the transitional floral morphologies observed in Anthoxanthum section Ataxia (e.g. Schouten and Veldkamp, 1985) . Our interpretation of this phenomenon in light of the molecular data is that the aberrant characters in Ataxia result from an old (Miocene) hybridization event between a lineage with one fertile and two sterile florets (the Anthoxanthum lineage) and a lineage which probably had three fertile florets as presently found in Hierochloë. We also provide evidence for the origins of the strikingly disjunct occurrences of Anthoxanthum in eastern and southern Africa and in Macaronesia, and on the formation of polyploid complexes in the genus, issues that have been vigorously discussed by taxonomists and biogeographers for many years (e.g. Schouten and Veldkamp, 1985; Felber, 1988; Hedberg, 1990; Connor, 2012 ). It appears that the Mediterranean diploid A. gracile is the only extant taxon representing one lineage that originated in the Miocene, whereas the core-Anthoxanthum lineage underwent several speciation events from the Late Pliocene to late in the Late Pleistocene.
Miocene hybridization and evolution of floral morphology
The conflict observed between our nuclear and plastid datasets provides evidence for a hybrid origin of Anthoxanthum section Ataxia. Whereas the nuclear analysis resolved a monophyletic section Anthoxanthum as sister to a clade containing section Ataxia as sister to the genus Hierochloë (Fig. 2) , the plastid analysis resolved the entire genus Anthoxanthum as monophyletic (Fig. 1) . The rooted network generated from these trees suggests Multilabelled maximum clade credibility tree obtained in the *BEAST species tree analysis. Taxa inferred to be of hybrid origin (occurring twice in the tree) are labelled L1 (progenitor lineage 1) and L2 (progenitor lineage 2). Pt, Pleistocene; Plio, Pliocene.
that the conflict between the two datasets is caused by a hybridization event involving one ancestral lineage close to the split between Anthoxanthum and Hierochloë and the ancestral lineage of the core-Anthoxanthum clade (Fig. 3) . Further evidence for this ancient hybridization event is demonstrated in our analyses of ETS sequence polymorphisms (Fig. 4) . We interpret retrieval of different ETS sequences from the same accession in different clades, corresponding to the two different sections, as a strong signal of past hybridization. We detected such polymorphism in a single species only (A. hookeri of section Ataxia), but this is not unexpected as the hybridization event was inferred to be of Miocene age (Figs 1, 2 and 5) . Such an ancient hybrid origin has provided ample time for concerted evolution among divergent ETS copies acquired from different progenitor lineages, erasing most evidence for the hybridization event (e.g. Popp et al., 2005; Poczai and Hyvönen, 2010) . Another possible explanation for our findings would be deep coalescence (DeVilliers et al., 2013) . However, multiple copies were not found in any other lineage and morphology supports a hybrid origin. More biparentally inherited loci need to be studied to further clarify this question (Popp et al., 2011) . The inferred hybrid origin of section Ataxia provides a reasonable explanation for its aberrant floral morphology, which is transitional between that of Anthoxanthum section Anthoxanthum and that of Hierochloë (Connor, 2012) . Assuming maternal inheritance of plastids, the maternal progenitor lineage of Ataxia was the ancestor of the entire Anthoxanthum lineage or of the core Anthoxanthum clade, which most likely had already acquired a derived floral structure consisting of one fertile and two sterile florets. The paternal lineage presumably possessed the ancestral floral structure consisting of three fertile florets, as retained in the extant taxa of Hierochloë. The hybridization event may have been associated with the major diversifications and migrations within grass lineages taking place from the late Miocene (7 Mya), driven by the cooling and aridification of the global climate (Kellogg, 2001; Retallack, 2004) .
Our findings support the merging of Anthoxanthum and Hierochloë into a single genus, Anthoxanthum s.l. (Schouten and Veldkamp, 1985) . Alternatively, because our nuclear data group section Ataxia into a clade together with Hierochloë, as sister to section Anthoxanthum, the transfer of section Ataxia to the genus Hierochloë could be considered. However, as the floral structures in Ataxia taxa form a series of intermediate states connecting section Anthoxanthum and Hierochloë, and because the lack of lodicules connects Ataxia to section Anthoxanthum, we favour the solution of merging the two genera. However, as our sampling only included three taxa of Hierochloë (out of approx. 27 species), more Hierochloë taxa should be analysed before a final decision is made. In particular, the controversial American taxa A. mexicanum/H. mexicana and A. davidsei/H. davidsei are important given their morphological peculiarities and their basic chromosome number of x ¼ 7, which connects them to Hierochloë.
Biogeography and evolution of section Ataxia Section Ataxia was resolved as monophyletic in our analyses, and divided into two clades corresponding to distribution: one South-East Asian and one southern African (Figs 1, 2 and 5 ). From our data we cannot infer the geographical origin of the section, but it may have originated in Eurasia as its current distribution in South-East Asia connects to the northern Eurasian distribution of section Anthoxanthum (Fig. 1) . If so, its occurrence in southern Africa must be explained by dispersal from South-East Asia, taking place in the Late Pliocene (1 . 9-3 . 9 Mya in the nuclear analysis and 2 . 0-4 . 2 Mya in the plastid analysis). Notably, contrary to some earlier suggestions (Stapf, 1898 (Stapf, -1900 , we found that the East African A. nivale is not connected to the southern African Anthoxanthum; rather, it represents an independent Late Pliocene colonization of Africa from the north. Thus, Africa appears to have been colonized twice in the same time period, but from different source areas. Multiple colonizations of tropical-alpine and/or temperatealpine Africa have recently been demonstrated in several plant groups, including Festuca (Namaganda and Lye, 2007; M. Namaganda and P. Catalan, Zaragoza University, Spain, unpubl. res.) , Carex and Ranunculus (Gehrke and Linder, 2009) , and Arabis alpina (Koch et al., 2006; Assefa et al., 2007; Ehrich et al., 2007) .
Our dating of the arrival of Anthoxanthum in southern Africa (including Madagascar) is similar to that obtained for another C 3 grass genus, Brachypodium (P. Catalan, unpubl. res.), whereas other genera appear to have arrived much earlier (e.g. Pentachistis, Erharta, Festuca; Verboom et al., 2009; M. Namaganda and P. Catalan, unpubl. res.) . The South African Anthoxanthum taxa are part of the highly endemic Cape flora, which comprises three main elements with different origins (Linder, 2005; Verboom et al., 2009) : tropical African origin, Eurasian origin and Australasian origin via long-distance migrants. Our results thus suggest that Anthoxanthum belongs to this last element. We found that the southern African Anthoxanthum diversified during the Late Pliocene to Pleistocene (0 . 5-3 . 2 Mya).
The relationships within the southern African Anthoxanthum clade were not fully resolved (Figs 1, 2 and 5 ). In the plastid analysis, A. madagascariense from Madagascar was resolved as sister (PP ¼ 1) to the other species, which are confined to South Africa. The nuclear data resolved a clade (PP ¼ 1) including A. madagascariense and one accession of A. ecklonii from the Eastern Escarpment in South Africa; these two species are also most similar in floral characters. The two morphologically similar Western Cape species, A. dregeanum and A. tongo, formed another clade (PP ¼ 1) in the nuclear phylogeny, estimated to have diverged during the Pleistocene (Fig. 5) . South Africa experienced considerable climatic oscillations during the Pleistocene, with a 25 % decrease in precipitation during the cold stages (Partridge et al., 1999; Linder, 2003) . These climate cycles may have caused diversification within lineages such as Anthoxanthum, which are currently restricted to high areas in the south-western and eastern parts of the Cape region where edaphic moisture is high.
Most lineages of the unique Madagascar flora originated via migration during the Cenozoic (reviewed in Yoder and Nowak, 2006; Warren et al., 2010; Wilkström et al., 2010; Buerki et al., 2013) . Our plastid analysis suggests migration from South-East Asia to Madagascar and from there to the continent (Fig. 1) This section was resolved as monophyletic in the nuclear tree and as paraphyletic in the plastid tree, in which the Mediterranean diploid A. gracile of section Anthoxanthum was resolved as sister to a core-Anthoxanthum/Ataxia clade (Figs 1  and 2 ). This conflict is fully accounted for by a hybrid origin of Ataxia (see above). We dated the divergence between A. gracile and the core-Anthoxanthum clade to the Late Miocene (5 . 9-10 . 9 and 5 . 4-9 . 8 Mya in the plastid and the nuclear analyses, respectively). This isolated phylogenetic position of A. gracile is consistent with its distinct morphological and molecular differentiation observed in previous studies (Pimentel et al., 2007a, b) and with its relict distribution. It grows mostly in gorges, deep valleys and river beds in Central and Eastern Mediterranean Islands (Tutin, 1980) . The onset of the summer-dry Mediterranean climate in the Mid-Pliocene (around 3 . 2 Mya, Petit et al., 2005) may thus have constrained a previously wider distribution of this species.
Our analyses suggest a much more recent and complex evolutionary history of the remaining species in the section, the core-Anthoxanthum clade. This clade shows Pliocene divergence into one diploid to dodecaploid (2x-12x, Eurosiberian/ East African group (PP ¼ 0 . 98 and 0 . 81 in the plastid and nuclear analyses, respectively) and one diploid to 18-ploid (2x -18x) Mediterranean group (PP ¼ 1 and 0 . 81 in the plastid and nuclear analyses, respectively).
In the Eurosiberian/East African group, the divergence between the afro-alpine A. nivale and a clade consisting of the alpine northern Eurasian A. alpinum and the northern populations of the Eurasian A. odoratum dates to the Late Pliocene-Pleistocene. The similarities between the afro-alpine and the North European and European Alpine floras have been known for a long time (e.g. Engler, 1904; Hedberg, 1970) , but the time of colonization of Africa has been debated . Our finding of a quite recent colonization of the East African mountains from the north in Anthoxanthum is consistent with recent results for other afro-alpine taxa, such as Arabis alpina (Koch et al., 2006; Assefa et al., 2007) , Lychnis (A. Gizaw and M. Popp, unpubl. res.) and Festuca (M. Namaganda and P. Catalan, unpubl. res.) . The colonization route was most likely across mountains in the Arabian Peninsula and into the Ethiopian Highlands during the glacial periods (Koch et al., 2006; Assefa et al., 2007; Ehrich et al., 2007; Popp et al., 2008) . Currently, Anthoxanthum does not occur in the Arabian Peninsula, but one species (A. aethiopicum) occurs in the Ethiopian mountains, from where we were not able to obtain good enough material for sequencing. According to Hedberg (1976) , both of the afro-alpine species are, however, closely related to the Eurasian tetraploid A. odoratum.
We also found strong evidence for multiple polyploid origins of the widespread Eurasian tetraploid A. odoratum, a hypothesis previously proposed by Jones (1964) , Hedberg (1986) and Felber (1988) . Some of our accessions of A. odoratum belong to the Eurosiberian/East African group (the populations from Scandinavia, the Alps, Ireland and eastern Iberia), whereas others belong to the Mediterranean group (the populations from western Iberia; Figs 1, 2 and 5). In the Eurosiberian/East African group, A. odoratum groups closely with the diploid A. alpinum, in a pattern that may suggest that the tetraploids originated more than once from the diploids. Our findings do not support taxonomic distinction between the diploids (A. alpinum) and these tetraploids (which we referred to A. odoratum based mainly on their ploidy as an initial framework for this study); the tetraploids may have originated via autopolyploidy. In the Mediterranean clade of Anthoxanthum, the tetraploid populations from western Iberia group closely with the diploids A. aristatum and A. ovatum and with the high-polyploid Iberian endemic A. amarum. Our trees also provide some support for multiple origins of the tetraploids within the Mediterranean group.
Thus, the tetraploids here referred to as A. odoratum belong to two highly divergent lineages within section Anthoxanthum, providing strong evidence for two independent origins, and some evidence was also found for additional tetraploid origins within each lineage. Our Irish ( populations 23, 24 and 25) and Eastern Iberian ( population 19) samples grouped with one of these lineages in the plastid tree ( Fig. 1) but with the other lineage in the nuclear tree (Fig. 2) , suggesting secondary contact between them.
Two clades that diverged during the Pleistocene were resolved within the Mediterranean clade of section Anthoxanthum in most analyses, but these were partly inconsistent with taxonomy, probably reflecting recent and complex evolution of polyploids. Both the plastid tree ( Fig. 1 ) and the species tree ( (Figs 1 and 5 ) supports a single colonization of Madeira followed by in situ speciation. This island has been colonized more than once and at different times by temperate grass lineages such as Festuca (cf. Inda et al., 2008; Sequeira et al., 2009) and Deschampsia/Avenella (A. Quintanar & P. Catalan, unpubl. data) , whereas a single colonization event was reported for the Koeleriinae lineage (Quintanar et al., 2006) . Anthoxanthum represents another example of the strong relationship between the Macaronesian and the Western Mediterranean floras (e.g. Carine et al., 2004) .
Conclusions
We have provided new insight into several long-standing controversies on the taxonomy, phylogenetics and biogeography of the genus Anthoxanthum s.l., in particular relating to the relationships between Anthoxanthum and Hierochloë, the origins of the strikingly disjunct occurrences, and the formation of polyploid complexes. The current diversity in Anthoxanthum appears to have been shaped by recurring hybridization and polyploidization events on time scales ranging from the Miocene to the Late Pleistocene. Whereas the distinct Mediterranean diploid A. gracile was resolved as the only extant member of a lineage that originated in the Miocene, the other extant species shared most recent common ancestors in the Late Pliocene to the Late Pleistocene. The controversy as to whether Anthoxanthum and Hierochloë should be kept as separate genera or merged into a single genus has mainly been caused by the transitional floral morphologies observed in Anthoxanthum section Ataxia. Our molecular data suggest that the aberrant characters in Ataxia result from an old (Miocene) hybridization event between a lineage with one fertile and two sterile florets (the Anthoxanthum lineage) and a lineage which probably had three fertile florets as presently found in Hierochloë. The disjunct occurrences of Anthoxanthum in Africa originated in the Late Pliocene via independent immigrations from South-East Asia to Madagascar/South Africa and from Europe to afro-alpine East Africa, whereas Macaronesia was colonized by a Mediterranean diploid lineage in the Late Pleistocene. We found evidence for at least two, probably more, independent polyploid origins of the European tetraploid A. odoratum.
